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Abstract: The purpose of this paper is twofold.  First, we develop a multi-period dynamic 
multi-process network DEA (data envelopment analysis) model.  Second, we apply this 
methodology to Japanese prefectural time series data. In this framework, we specify that 
prefectural technology consists of two sectors, called the human capital generating sector and 
the physical capital formation sector.  Each sector has its own exogenous inputs, and 
carry-overs in preceding and subsequent periods as well as final output.  We assume that the 
final output is jointly produced by the two sectors.    
Keyword: Dynamic DEA, network DEA, weighted dynamic network model 
1. INTRODUCTION
In this paper, we develop a multi-period dynamic 
multi-process network DEA (data envelopment analysis) 
model and apply it to Japanese prefectural time series 
data.  We first provide a general model for 
incorporating the structure of networks and dynamics.  
Färe and Grosskopf (1996) presented a dynamic 
methodology that comprises a sequence of technologies, 
which are connected by storable inputs and carry-over 
outputs from individual periods.  Based on the 
Färe-Grosskopf setting, Nemoto and Goto (2003) studied 
the impact of quasi-fixed inputs and Emrouznejad and 
Thanassoulis (2005) assessed the efficiency of dynamic 
processes by assuming that there is correspondence 
between carry-over products.  Bogetoft et al. (2009) and 
Chen and van Dalen (2010) provided discussions on the 
incorporation of lagged effects of input consumption into 
a DEA framework. Tone and Tsutsui (2010) developed a 
dynamic slack-based measure by classifying carry-over 
activities into four kinds: good, bad, free and fixed.  
Tone and Tsutsui (2012) presented a slacks-based 
dynamic DEA model with network structure by 
combining their previous studies.  
Building on these contributions, we develop a 
weighted dynamic network model (WDNM).  By 
adopting slacks-based form similar to Tone and Tsutsui 
(2010, 2012), WDNM focuses on the following respects.  
First, WDNM does not include slacks of divisions or 
sub-processes in the objective function of the 
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optimization problem.  That is, the efficiency status of 
the evaluated DMU (decision making unit) is identified 
by only the slacks associated with exogenous inputs and 
final outputs.  See Fukuyama and Mirdehghan (2012) 
for a discussion on the identification of divisional 
efficiency.  Second, WDNM allows for joint outputs 
produced by more than one division.  Third, WDNM 
incorporates lagged variables in each period.       
As an illustration, we assess the dynamic 
efficiency/productivity performance of Japanese 
prefectures.  This framework specifies that a 
prefecture’s production process is expressed as a two 
parallel network system that allows resources to be 
reallocated between periods so that larger final outputs 
can be achieved through inter-temporal optimization.  
2. MULTI-PERIOD DYNAMIC MULTI-PROCESS 
NETWORK 
In this section, we define a multi-period dynamic 
multi-process network model called WDNM.  We first 
introduce relevant notations and define production 
technologies.  In time period ( 1,..., )t t T , consider a 
set of K divisions (sub-processes), 1,...,k K , of 
decision making units (DMUs), each of which coverts its 
carry-over products produced at the preceding periods as 
well as the exogenous inputs, the intermediate inputs 
from other processes to produce not only final outputs 
and intermediate outputs but also carry-over products to 
the subsequent periods.  For DMU j , let us first define 
the following:  
kt
njx : exogenous input n  consumed by division k  in 
time period t .
( , )kt ht
qjz : intermediate product (input) q produced by 
division k  in time period t  and consumed by 
division h  in time period t.
kt
mjy : final output m  produced by process k in time 
period t.
( , )g kt
rjc
Wc c : carryover product r  produced by division 
k  in time period t  and consumed by division 
g c  in time period tW c  .
( , )kt g
rjc
W : carry-over product r  leaving division k  in 
time period t  to division g  in time period 
tW ! .
( , )kt
r jc
W : lagged carryover product r  coming from 
finitely many time periods W  and entering 
division k  in time period t .    
where , ,t W W  are the index sets of relevant time 
periods and 0t  is the length of time lag.  Here we 
denote intermediate input q entering division k in time t
from division hc  in time t  by ( , )h t ktc  and the set by
L .  Similarly, the intermediate output leaving division 
k in time period t to division h  in t by ( , )kt ht  and the 
set of intermediate outputs by L .  We also denote the 
inflow connecting division gc  in time period W c  and 
division k in t  by ( , )g ktWc c , and the index set of 
inflows by F .  Similarly, the outflow from division k
in t  to division g  in t by ( , )kt gW  and the set of 
out-flows by F .   That is, ( , )h t ktc L , ( , )kt ht L ,
( , )g ktWc c F   and ( , )kt gW F .  Armed with these 
notations, we make the following assumptions. 
z Assumption 1: The objective function of our 
framework includes slacks of exogenous inputs but 
does not include slacks associated with intermediate 
products and carry-overs. 
z Assumption 2: We allow for lagged carry-over 
products that are independent of where they come 
from, and divisions of the DMU can be constrained 
by the amounts of carry-overs that were produced 
in finitely many preceding periods W .   
z Assumption 3: Final outputs can be produced 
jointly by several divisions.   
Assumption 1 is consistent with the two-stage procedures 
of Kao and Hwang (2010), Chen, Liang and Zhu (2009) 
and Fukuyama and Weber (2010) in the sense that slacks 
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activities.  As a proxy of this input, we use prefectural 
capital formation (Cabinet Office, Government of 
Japan).   
While we set up a model with the two sectors, each 
of which is assumed to have its own exogenous inputs.  
The human capital generating sector transforms 
education-related input to produce new human capital 
(human capital carry-over), while being constrained by 
the previous human capital.  The physical capital 
formation sector employs public investment to produce 
new capital formation (capital formation carry-over), 
while being constrained by the capital stock in the 
preceding period 1t  .  The final product of GDP is 
jointly produced by these sectors, i.e., GDP is a joint 
final output.  Similarly, the human capital sector uses 
educational inputs to produce the carry-over of human 
capital and the joint output of GDP.   
Formally, the exogenous inputs, carry-overs and 
output are defined as follows:  
t
HCx = educational (school) expenses in the human 
capital sector 
t
CFx = public investment in the human capital sector 
( 1, ) ( , 1),t t t tHC HCc c
  = human capital carry-over within the 
human capital sector  
( 1, ) ( , 1),t t t tCF CFc c
  = capital formation carry-over within the 
capital formation sector 
ty = gross domestic product (GDP) 
The data set consists of 47 prefectures over the period 
2007-2009.  The yen values are deflated by 2005 GDP 
deflator. The descriptive statistics are given in Table 1.  
4.2. Efficiency estimates and their determinants 
Table 2 reports the estimates of overall efficiency, 
and Figure 3 compares the overall prefectural 
efficiencies calculated by using the non-oriented, 
input-oriented and output-oriented measures.  We can 
identify four best efficiency performers.  Tokyo is the 
only efficient prefecture, and the remaining three are 
Osaka, Aichi and Kanagawa.  Japan’s four biggest 
cities (Tokyo, Yokohama, Osaka and Nagoya) belong to 
these prefectures.  Overall efficiency is much higher in 
these urbanized and industrialized prefectures than it is 
in rural agricultural prefectures.  This evidence may 
show that there are important relationships among 
overall efficiency and agglomeration economies 
(benefits that firms obtain by the clustering of activities 
external to the firms). 
Table 1: Data Description (inputs, output, carry-overs) 
Period
Educational
Expenses
(Mill. Yen)
Public
Investment
(Mill. Yen)
GDP
(Mill. Yen)
Human Captial Capital Formation
(Mill. Yen)
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㫄㫀㫅 㪌㪃㪏㪏㪌 㪈㪇㪏㪃㪎㪐㪊 㪉㪃㪉㪊㪍㪃㪋㪈㪍 㪈㪅㪈㪋㪌㪐 㪋㪊㪎㪃㪍㪋㪎
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Therefore, it is of great interest to examine sources of 
prefectural overall inefficiency and its determinants in 
relation to prefectural locations and characteristics.  
Otsuka et al. (2010) examined whether or not market 
access (MA), population density (DEN), and public 
fiscal transfer (FT) have impact on the efficiency of 
Japanese regional industries.  Employing Otsukai et 
al.’s (2010) idea into account, we estimate the 
following:
(MA, DEN, FT, REG)Overall Efficiency f 
where REG is the regional dummy.   MA and DEN  
are considered to be proxy variables of agglomeration 
economies by Otsuka et al. (2010).  While Otsuka et al. 
(2010) constructed a market accessibility index based 
on automobile travel time and the size of prefectural 
production market, we use Nakamura et al.’s (2010) 
estimates that are based on Redding and Venables’ 
(2004) supplier access index.   We use the estimates 
as the indexes of MA for agriculture, manufacturing and 
service industries because the estimation procedure is 
closely related to the theoretical structure of the trade 
and geography model.   
In addition to these two proxy variables of 
agglomeration economies, we also include FT defined 
as the national tax revenue allocated to local 
governments (prefectures) as Otsuka et al. (2010) did.   
To analyze drivers of overall efficiency, we adopt the 
two-stage approach by regressing the overall efficiency 
scores against a set of environmental variables that are 
discretionary in nature.  However, the estimates 
obtained in the first stage are correlated with the 
explanatory variables used in the second stage.  Simar 
and Wilson (2007) proposed bootstrap truncated 
regression analysis to overcome this problem.   
We employ Simar and Wilson’s (2007) approach to 
generate a set of bias-corrected overall efficiency 
estimates Tˆ  and confidence intervals. Once 
bias-corrected overall efficiency scores are obtained 
from the bootstrap algorithm, they are then regressed on 
a set of hypothesized environmental factors using the 
following regression 
1 2 1 2
3
ˆ
i i
i
DEN FT AGR MAN
SER dummy
T D D D G G
G E H
        
    ¦  (9) 
where 1 2 1 2 3, , , , , , iD D D G G G E  are parameters to be 
estimated. AGR, MAN and SER indicate supplier 
access indexes of agriculture, manufacturing and 
service industries, respectively.  These variables are 
used as proxies of MA for the industries.   idummy is
the dummy variable which is unity if the prefecture 
belongs to region i . Since the market accessibility 
index is not available for Okinawa, we delete Okinawa 
from the regression (9).  Kyushu region is the region 
for which we do not create a dummy in the regression 
analysis.   
  Table 3 gives the bootstrap regression results based 
on two models.  For model 1, the coefficients of DEN 
and MAN are statistically significant.  This result is 
consistent with that of Otsuka et al. (2010).  FT has a 
negative sign but not statistically significant in contrast 
to the result of Otsuka et al. (2010).  All region 
dummy coefficients are insignificant, showing the 
location of prefectures does not significantly affect 
overall efficiency.  So, we estimate model 2 by 
dividing the sample into two groups: the group of the 
most overall efficient four prefectures (the urbanized 
industrial prefectures), and the rest of the prefectures.  
The coefficient of the urbanized industrial prefectures is 
statistically insignificant.  Evidence from models 1 and 
2 in Table 3 shows that the location factors are not 
significant contributors to overall efficiency.   
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Table 2:  Two-period Efficiency Estimates 
Prefectures  Non- oriented Input- oriented Output- oriented
All mean 0.450 0.543 0.706  
std dev 0.152 0.114 0.158  
max 1 1 1 
min 0.220 0.402 0.394  
Hokkaido- Tohoku mean 0.364 0.435 0.413 
Std dev 0.087 0.089 0.088 
Kanto mean 0.586 0.640 0.623 
Std dev 0.184 0.169 0.162 
Hokuriku- Tokai mean 0.488 0.558 0.557 
Std dev 0.144 0.129 0.123 
Kansai mean 0.567 0.653 0.596 
Std dev 0.170 0.139 0.156 
Chugoku- Shikoku mean 0.429 0.508 0.486 
Std dev 0.123 0.108 0.115 
Kyushu mean 0.358 0.434 0.420 
Std dev 0.103 0.099 0.098 
Okinawa mean 0.239 0.329 0.287 
Std dev 0 0 0 
Urbanized  industrial prefecture  
(Tokyo, Kanagawa, Osaka, Aichi) 
mean 0.855 0.889 0.860 
Std dev 0.088 0.066 0.084 
Other prefectures mean 0.426 0.502 0.481 
Std dev 0.120 0.113 0.112 
Table 3:  Bootstrap Regression Results 
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Legend: * significant at 10% level;  ** significant at 5% level; *** significant at 1% level
Figure 3: Prefectural Efficiencies
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5.  Conclusions 
  We have dealt with the assessment of the overall 
efficiency performance of DMUs, some of whose inputs 
and outputs are internally or inter-temporarily 
dependent.  We developed a DEA model for assessing 
the performance of DMUs where panel data are 
available.  An application of our developed model to 
Japanese prefectures investigated how prefectural GDP 
can be enhanced.  Empirical evidence indicates that 
agglomeration economies are important factors that 
determine overall efficiency.   
We have developed the non-oriented, input-oriented 
and output-oriented models by only assuming that all 
intensity variables are non-negative constraints.  It is 
possible to append 
1
1 ( , )
J
kt
j
j
k tO
 
  ¦  to our 
framework in order to impose some kind of variable 
returns to scale.  In this paper, however, we did not 
add these constraints since it is not very clear about 
exactly what kind of returns to scale structure is 
imposed to each division with the implementations 
(Chen et al. 2012).  This is an important theoretical 
issue of future study. 
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